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Abstract 
The paper shows results of experiments focused on the influence of loading frequency on ratcheting as well as interesting results 
obtained from uniaxial tests and biaxial tests with rectangular and circular loading paths under variable amplitude loading realized 
on the ST 52 steel at the VŠB-Technical University of Ostrava. The model based on the AbdelKarim-Ohno kinematic hardening 
rule and Calloch isotropic hardening rule was used for stress-strain behavior description in finite element analysis using commercial 
software Ansys. The material model was implemented into the FE code using a fortran subroutine. Results of simulations containing 
ratcheting and cyclic hardening effects correspond with experiments very well. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Czech Society for Mechanics. 
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1. Introduction 
The good understanding of individual aspects of material stress-strain behavior plays the key role in the 
phenomenological modeling of cyclic plasticity. The description of factors influencing the material behavior is very 
extensive and all the aspects can not be included in one paper. The basic phenomena concerning the cyclic plasticity 
are mentioned in this paper, more about this issue can be found in the chapter Phenomenological Modelling of Cyclic 
Plasticity of the book Numerical Modelling [1]. The complex behavior of metals under cyclic loading comprises 
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especially the cyclic hardening/softening, deviation from the Masing’s behavior, additional hardening as the 
consequence of nonproportional loading and cyclic creep also called ratcheting. Ratcheting is a phenomenon of plastic 
deformation accumulation in the direction corresponding to static component of force/moment applied to the cyclically 
loaded specimen. 
The kinematic hardening rule is crucial in modeling of material cyclic response. Three hardening models can be 
declared as classical with respect to their popularity and amount of proposed modifications. These models are 
Chaboche [2], Ohno-Wang [3] and AbdelKarim-Ohno [4]. The models mentioned make possible to capture ratcheting 
and mean stress relaxation. The influence of the loading nonproportionality on ratcheting could be captured through 
the modifications of evolution equations, for instance Jiang and Sehitoglu [5], Chen and Jiao [6], and Chen [7]. The 
problem with the influence of loading nonproportionality on the additional hardening caused the development of 
parameter which capture the rate of the loading nonproportionality in case of isotropic hardening rule. For instance, 
Benallal and Marquis [8] proposed this parameter in the form of the angle which is defined as the angle between the 
increment of plastic deformation and increment of stress deviator. On the base of the work of Benellal and Marquis 
[8] other “simple” parameters capturing the rate of the loading nonproportionality were proposed, for instance the 
parameter according to Calloch and Marquis [9] based on the angle between the backstress increment and backstress. 
Since the influence of the nonproportionality is based on the inner dislocation structure the tensor of fourth order 
describing this material state was introduced by Tanaka [10]. His robust model includes also the memory surface 
defining the nonhardening region and makes possible the accurate description of the transient behavior of steels. 
 This contribution presents the new experimental results focused on the determination of plastic cyclic properties 
of the steel ST52. The special attention is paid to the phenomena such as cyclic hardening, additional hardening due 
to the nonproportional loading and ratcheting under both uniaxial and multiaxial loading. The material investigated 
shows the steady state ratcheting. The AbdelKarim-Ohno kinematic hardening rule was used for the proper description 
of this stress-strain behavior. The next feature of the material is the higher ratcheting rate under the nonproportional 
loading compare to the uniaxial tension-compression loading case. In order to capture the mentioned behavior the 
AbdelKarim-Ohno model was modified using the Marquis’s nonproportional parameter. 
2. Experiments 
The experiments were realized using the testing machine INOVA 100kN/1000Nm which is located in the 
laboratory of the Department of Mechanics of Material at Technical University of Ostrava. The testing device makes 
possible to load the specimen by the axial force and the torque. The loading can be applied either separately or in 
mutual combination. The situation is depicted in Fig. 1a. The extensometer EPSILON 3550 with gauge length of 25.4 
mm was used for the measuring the axial and shear strain. The cylindrical specimen with outer diameter of 12.5 mm 
and inner diameter of 10 mm was used for the experimental works – see the Fig. 1b. All experiments were performed 
at the room temperature.  
 
 a      b 
Fig. 1. (a) a photo of reconstructed testing machine INOVA; (b) a scheme of specimen. 
Five experiments marked by letters A-E were performed. Experiments A and B were performed as strain controlled 
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experiments (the total strain of the specimen was controlled). The loading paths of the experiments mentioned are 
depicted in Fig. 2. Experiments C,D and E were performed as force controlled experiments. The loading paths used 
are also depicted in Fig. 2. In order to investigate the dependence of ratcheting on loading frequency the uniaxial 
experiment F was performed (loading path same as in the case C). The individual experiments from the point of view 
of loading conditions will be described now. Except two cases the experimental results will be presented in Chapter 
4. 
 
 
Fig. 2. Paths of strain-controlled tests (A and B) and stress controlled tests (C-E). 
 
The experiment A was proposed as uniaxial (tension/compression). The test was performed as strain controlled 
where the controlled quantity was the total strain. The loading history in the form of sawtooth cycle with five levels 
of amplitude was assumed (five loading blocks). The mean strain value was equal to zero for all amplitude values, the 
strain amplitudes in individual loading blocks are: 0.5%, 0.75%, 1%, 0,75%, 0,5%. Each block consists of 25 cycles. 
The loading path is depicted in Fig. 2 – CASE A. The strain rate was equal to  0.006s-1. 
The experiment B was proposed as multiaxial (combination of tension/compression and torsion). The test was 
performed as strain controlled where the controlled quantity was the total strain both in axial and shear direction. The 
amplitude of both strain components (axial and shear) was changed in five consecutive blocks (25 cycles for each 
block). The mean values were equal to zero in both cases. The amplitudes of axial and equivalent value of shear strain 
in individual loading blocks are the same as in the experiment A. The loading path had the circular form due to the 90 
degree out of face cosine signal / see Fig. 2 – CASE B. The strain rate was the same as in the case A. 
The static deformation curve, cyclic deformation curve obtained from the uniaxial strain controlled experiment 
(experiment A) and cyclic deformation curve constructed from the data obtained from multiaxial experiment 
(experiment B) are depicted in Fig. 3(a). The cyclic hardening and a nonproportional hardening are obvious. 
a b 
Fig. 3. (a) Main results from test A and test B; (b) Accumulation of axial plastic strain in test F with linearly increasing frequency of loading. 
The experiment C was proposed as uniaxial (tension/compression). The test was performed as force controlled 
within three blocks. The specimen was loaded at the strain level of 3 per cent in strain control mode before the force 
controlled experiment (block 1). The reason was the elimination of cyclic hardening. The specimen was subsequently 
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cyclically loaded in two blocks. The axial stress mean value was kept as constant (50MPa) whereas the stress 
amplitude level was changed from 350MPa to 400MPa. The corresponding loading path is depicted in Fig. 2 – CASE 
C. The loading frequency was 0.1Hz. 
The experiment D was proposed as multiaxial (combination of tension/compression and torsion). The test was 
performed as force controlled where the force quantities were controlled harmonically 90 degree out of phase both in 
axial and shear direction. The resulting loading path had the circular form – see Fig. 2 – CASE D. The experiment 
was performed within one block with the following parameters:V௔ ൌ ͵ͷͲܯܲܽǢ V௠ ൌ ͷͲܯܲܽǢ W௔ ൌ ʹͲʹܯܲܽ. The 
loading frequency was 0.1Hz. 
The experiment E was proposed as multiaxial (combination of tension/compression and torsion). The test was 
performed as force controlled where the axial force and the torque followed the triangular loading paths. The loading 
frequency was 0.1Hz in first block whereas in second block 0.087 Hz in order to keep the same loading rate in both 
blocks. The resulting loading path had the rectangular form – see Fig. 2 – CASE E. 
The experiment F was proposed as uniaxial (tension/compression).  The test was performed as force controlled. 
The force mean value was kept at 3kN, the force amplitude was 16 kN. The specimen was firstly loaded by twenty 
cycles under the constant frequency value of 0.1 Hz (because of the material response stabilization) and subsequently 
the loading frequency was linearly changed in the range of 0.1 Hz and 1 Hz within 200 loading cycles. The loading 
path had the form of swept sine. 
The dependence of the number of cycles and the axial strain at peaks can be seen in Fig. 3(b). It can be stated that 
the growth is linear and the influence of the frequency in the observed range is fully negligible. 
3. Cyclic plasticity model 
Since the observed material shows low sensitivity on the strain rate, the rate-independent incremental theory of 
plasticity was used for the description of its stress-strain behavior.  
3.1. Concept of single yield surface 
The mentioned concept is based on the additive rule defining the total strain as the sum of elastic and plastic strain 
components 
pe += εεε ,   (1) 
with the assumption of Hooke´s law for elastic strain  ,:: peee == εεDεDσ     (2) 
where pε is the plastic strain tensor and eD is the elastic stiffness matrix. Further, in case of active loading the von 
Mises yield condition was assumed 
    ,0:
2
3   R=f YVasas    (3) 
where s is the deviatoric part of stress tensor V, a is the deviatoric part of back-stress D, which corresponds to the 
position of the center of the yield surface with the initial size of elastic region VY  and R is the isotropic variable. 
3.2. Hardening rules 
The proposed model is based on Chaboche´s superposition of nonlinear kinematic hardening variables – 
backstresses  
¦5
1=i
i= αα ,   (4) 
and the evolution rule for backstress is according to AbdelKarim and Ohno 
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where  ifH  is Heaviside´s step function and the symbol x  means Macaulay's bracket ( xx=x  ), Ci, Ji are 
material parameters and p is accumulated equivalent plastic strain. The cyclic hardening is included in the kinematic 
hardening rule in the form of the Marquis´s formula 
pe+=p ωMMMM ff  )1()(    (8) 
where MM ω,f  are the material parameters. The parameter iμ influences the ratcheting, eventually the mean stress 
relaxation. For 1 iμ  the Chaboche´s rule is obtained which leads to the maximal ratcheting value, on the other hand 
for 0 iμ  the model Ohno-Wang I is obtained which shows the plastic shakedown under uniaxial loading even in 
case of nonzero mean stress. The influence of loading nonproportionality is newly incorporated to the model by 
relation 
)1( A
i =μ K ,   (9) 
with use of the Marquis´s parameter 
 
  .::
:1
2
aaaa
aa

=A    (10) 
The same parameter is also used in the isotropic hardening rule for capturing the additional hardening as the 
consequence of the nonproportional loading 
 pRQb=R   ,   pQAQAD=Q AS   )()( ,       ,11,)()( 0A+gA QA+gAQ=AQfAfdAD AS  f   (11) 
where bg,f,d,  are the material constants. In order to capture the nonMasing´s behavior the memory surface in the 
space of principal stresses is applied according to the authors Jiang and Sehitoglu [5]. The memory surface is 
represented by the scalar function 
    ,0:
2
3 d MR=F aa    (12) 
where RM is the radius of memory surface whose evolution is  
dp
R
:cd
:
FHdR
M
MM
ααα
αα
α  1:)( ,  (13) 
where cM is the parameter influencing the contraction of the memory surface.  The parameter RM is subsequently used 
for the definition of the limit values of the cyclic loading in case of proportional loading 
kMk cRaQ  0    (14) 
and nonproportional loading 
900 QQQ  f ,   (15) 
where Q90 is the maximal value for the case of 90 degree out of phase tension-torsion loading and ak and ck are the 
material parameters. 
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3.3. Model calibration 
The essential parameters of the modelVY, Ci, Ji were determined from the wide hysteresis loop according to Ohno-
Wang [3].  The chosen points used for the identification of material parameters are depicted in the Fig. 4 (a) including 
the cyclic deformation curve. Subsequently, the parameter fM was determined as the ratio of the stress value from 
static deformation curve and the stress amplitude value calculated from cyclic deformation curve corresponding to the 
same value of plastic strain. The result of the prediction is depicted in Fig. 4(b).  
 
 
Fig. 4. (a) calibration points on the uniaxial saturated hysteresis loop; (b) prediction of static strain curve. 
The other Marquis´s parameters Mω a f were determined from the evolution of the stress amplitude evaluated from 
the uniaxial strain-controlled test. The equality Mωb   was assumed with respect to the similar meaning of Mω and b. 
The parameters ak and ck were also evaluated from the sequence uniaxial test so that the good agreement of saturated 
values of stress amplitude on all loading levels was reached. Subsequently, the parameters g,Qd, 90, were identified 
according to Marquis using the data from block strain controlled test realized for the case of 90 degree out of phase 
tension-torsion loading. The remaining parameter η influencing the ratcheting was determined from the uniaxial 
ratcheting test. All values contained in the plasticity model introduced are in Table 1. 
     Table 1. Material parameters of cyclic plasticity model 
Material parameters 
MPa=σY 180 ;  E=180000MPa ; 3.0 μ ;  ;278,20,2068,652,721151 =γ  MPaC 4464,6081,22312,81273,26292051   ; 
75.0 fM ; 100401100 =f;=b=ω;=d M ; 114090 =gMPa;=Q ; iallfori 4.0 K ; ak=0.2MPa; ck=-20MPa; cM=200 
 
4. Results of simulations 
The cyclic plasticity model developed has been implemented into the FE code ANSYS15.0. Each experiment was 
simulated with complete loading history respecting the real loading realized. The experimental and simulation results 
are depicted in Fig. 5 The good agreement of hysteresis loops even in the phase of the cyclic hardening in first three 
blocks is obvious.  
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Fig. 5. Experimental and predicted stress–strain hysteresis loops in the test A: (a) experiment, (b) simulation. 
The simulation results for 90 degrees out of phase loading (test B) are presented in the form of dependence of the 
equivalent stress amplitudes on time – see Fig. 6. Both the good capture of the stress amplitude in individual blocks 
and stabilization of stress response in the first block is obvious. The simulation and experimental results of the stress-
strain material response in the case of uniaxial ratcheting test C are depicted in Fig. 7. 
 
        
Fig. 6. Experimental and predicted stress–strain hysteresis loops in the test A: (a) experiment, (b) simulation. 
 
Fig. 7. Experimental and predicted stress–strain hysteresis loops in the test C: (a) experiment, (b) simulation. 
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Multiaxial ratcheting tests D and E were simulated as last. The simulation and experimental results are depicted in 
Fig. 8 and Fig. 9. in the form of the axial and shear deformation accumulation. 
 
 
Fig. 8. Experimental and predicted ratcheting in the test D: (a) experiment, (b) simulation. 
 
Fig. 9. Experimental and predicted ratcheting in the test E: (a) experiment, (b) simulation. 
5. Conclusions 
The experiments presented were focused especially on the research of stress-strain behavior under the loading with 
sequentially variable amplitude. The strain controlled experiments showed rather short region of transient material 
behavior – cyclic hardening. This finding was also confirmed by the fast stabilization of the deformation response 
under cyclic loading with nonzero mean stress. AbdelKarim-Ohno model allowed very good description of the 
ratcheting under uniaxial loading. However, the investigated steel shows significantly higher ratcheting under 
nonproportional loading (test D and E). Based on this fact, the AbdelKarim-Ohno model was modified so that this 
model changes into the Chaboche model ( 1 iμ  for all i) in case of 90 degree out of phase test under tension-torsion 
loading, in other words to produce the maximal ratcheting for AbdelKarim-Ohno plasticity model. The proposed 
modification is based on the use of Marquis’s nonproportional parameter which is usually used for capturing the 
additional hardening under nonproportional loading in isotropic hardening rule. The simulations by finite element 
method using the developed cyclic plasticity model show very good agreement with experiments. Only in the second 
block of test E the ratcheting predicted was higher than in experiment. 
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